Paramecium caudatum has been shown to cause the flocculation of Indian ink particles. Flocculation has been demonstrated to be due to:
INTRODUCTION
Many species of protozoa are known to occur in large numbers together with bacteria and fungi in the activated sludge process for the purification of sewage, but the significance of the protozoa and the part they might play in the purification process is not fully understood. Since 1942 several investigators have attempted to assess the part played by protozoa in the flocculation of suspended solids by activated sludge. Jenkins (1942) suggested that 40 yo of sewage purification by the activated sludge method was due to the flocculation of colloids, suspended matter and bacteria; he came to the conclusion that the protozoa were not the primary agents in bringing about flocculation since this could occur when protozoa were absent. Pillai (1941 Pillai ( , 1942 , Pillai & Subrahmanyan (1942a, b) , and Pillai, Wadhwani, Gurbaxani & Subrahmanyan (1947) maintained that the peritrichous ciliates such as Epistylis and Vorticella were mainly responsible for the flocculation, but were unable to explain how the protozoa brought this about. Barker (1946) showed that Paramecium caudatum could induce flocculation. Watson (1945) first suggested a way in which protozoa might cause flocculation; he showed by staining techniques that the soil ciliate Balantiophorus minutus secreted a 'mucin' which stuck together the suspended soil particles and bacteria, thus forming floccules. Sugden &. Lloyd (1950) showed by using Indian ink and DDT powder that the peritrich Carchesium induced flocculation in a similar manner. To investigate some of the problems involved, a certain number of dominant protozoan species from activated sludge are being examined from this point of view by means of culture techniques. The present paper reports the results of preliminary investigations of P . caudatum. IP: 54.70.40.11 On: Mon, 07 Jan 2019 23:04:58 358 C. R. CURDS
METHODS
Materials and culture methods. Samples of activated sludge were collected from the pilot-scale plant a t the Water Pollution Research Laboratory (DSIR), Stevenage, and from the Northern Outfall Sewage Works, London. After numerous experiments with hay infusions, pea extracts and Oxoid nutrient broth it was found that the best medium for Paramecium caudatum was a mixture of equal volumes of 0.3% lettuce extract and 0.3% coagulated egg yolk extract (Levine, 1959) ; this will be referred to as EL medium. Stock cultures were separated from the sludge in the apparatus shown in Fig. 1 by taking advantage of the negative geotaxis shown by Paramecium caudatum. Protozoa were collected from the upper reservoir after 4-8 hr. and put into fresh EL medium. Individual animals were picked out with a micropipette and introduced singly into a fresh culture medium. These individuals divided asexually to produce clones.
Analytical methods. The anthrone test used for the micro-estimation of carbohydrates was as described by Trevelyan & Harrison (1952) ; an EEL portable colorimeter with a red filter OR1 was used. Carbohydrates were hydrolysed by refluxing with 2 hydrochloric acid for 8.5 hr. The monosaccharide derivatives produced IP: 54.70.40.11
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were identified by paper chromatography by the descending technique. The butanol+acetic acid+water ( 4 + 1 + 5 by vol.) solvent was run overnight on a Whatman no. 1 paper. The papers were sprayed with aniline hydrogen phthalate and heated a t 100' for 5 min.
Radio-chemicaE methods. Uniformly labelled [14C] glucose (0.24 mg. ; 0.1 mc.) was eluted from the paper received from The Radiochemical Centre (&4mersham) in 3 ml. distilled water, and the solution evaporated to dryness under an infrared lamp. To the resulting crystals 15 ml. of a clonal suspension of Paramecium caudatum containing 10 mg. A.R. glucose carrier were added. The clonal suspension was left at room temperature for 5 days and then transferred to a smaller version of the separating apparatus shown in Fig. 1 , containing sterile EL medium with 5000 u.
penicillinlml. + 250 pg. streptomycin/ml. The protozoa swam up the tubes; this not only separated them from the radioactive source but also did a certain amount of washing free from bacteria. Paramecium caudatum was collected from the upper reservoir and put through a series of four washings in EL medium + antibiotics. Ten' of these organisms were finally picked out and counted for radioactivity in a solid scintillation counter.
RESULTS
With clonal suspensions as experimental material experiments were carried out which showed (1) that Paramecium caudatum and associated bacteria caused flocculation of Indian ink particles; (2) that P. caudatum rather than the associated bacteria were responsible for flocculation; (3) that Indian ink particles were not necessarily ingested before flocculation could occur; (4) that there was an accumulation of a sugar in a carbohydrate-free culture of P. caudatum; ( 5 ) that there was an uptake and subsequent secretion of isotope into the culture medium b y P. caudatum grown in the presence of [l4C] glucose; (6) that P. caudatum secretes a soluble substance ' P ' which was responsible for flocculation.
Experiment 1
A boiling tube containing sterile EL medium was allowed to stand open to the atmosphere at room temperature for 24 hr., thus allowing bacteria to grow within the culture medium; it was then divided into two halves and 3 drops Indian ink added to each. One tube was inoculated with a large number of Paramecium caudatum and plugged with cotton wool, whilst the other was left plugged but uninoculated as a control. After 6 hr. it was observed that the tube containing Paramecium showed flocculation of the ink particles, which lay a t the bottom of the tube as a black mass, whilst the control tube remained turbid. The control tube was kept a further 8 days and only then did the ink particles begin to settle out. The flocculated ink masses, collected from both tubes, were fixed in methanol, and stained for the 'mucin' found by Watson (1945) by using this author's methods and other more diagnostic histochemical techniques. The ink particles from the control tube gave negative results with all stains. The results ( Table 1) show that the flocculated ink particles were bound together by a mucoprotein (or glycoprotein) when P . caudatum was present.
On: Mon, 07 Jan 2019 23:04:58 360 C. R. CURDS Experiment 2 A culture of Paramecium caudatum was washed eight times in sterile EL medium containing 5000 u. penicillin/ml. and 250 pg. streptomycin/ml., to prevent the growth of bacteria. A sterile micropipette was used for each wash. The protozoa from the final washing were inoculated into a sterile test tube containing 15 ml. EL medium with 5000 u. penicillin/ml. and 250 pg. streptomycin/ml. and three drops Indian ink. The tube was plugged with cotton wool and covered with tin-foil. Flocculation took place within 3 hr. Immediately, a tube of nutrient agar (1-5 g.
agar in 100 ml. 0.3 yo Oxoid nutrient broth) was streaked with the culture medium and incubated a t 28". A single colony of bacteria grew after 2 weeks; this was grown and a bacterial culture obtained which showed no flocculation with Indian ink even after 3 weeks. This was devised to show whether or not the ink particles must be ingested before flocculation can occur. A drop of Indian ink was added to a test tube of Paramecium caudatum clonal suspension and the end covered by two layers of fine bolting silk and secured by a rubber band. The tube was inverted inside a boiling tube, and supported by a cork. The boiling tube contained a suspension of ink in EL medium. P. caudatum, being negatively geotaxic, remained a t the top of the inverted test tube whilst the bolting silk filter prevented stray protozoa from invading the medium in the boiling tube. This apparatus 'A' was left 24 hr. A control apparatus ' B ' was set up consisting of a boiling tube containing ink in EL medium.
Flocculation occurred in both test tube and boiling tube of apparatus 'A' but not in apparatus 'By. The staining reactions of the ink floccules in apparatus 'A' were positive as in Table 1 for those in the test tube, but negative for those in the boiling tube, which suggests a dual flocculation mechanism.
Experiment 4
The anthrone method for the micro-estimation of carbohydrates was used to show that a carbohydrate was being secreted by Paramecium ca.udatum and was accumulating in the culture medium. Twenty-five ml. of sterile 0.3 yo (w/v) Oxoid nutrient IP: 54.70.40.11
Flocculation by Paramecium 361 broth in distilled water, which gives only a weak reaction with anthrone, was filled into each of three 1 in. diameter tubes. Two tubes were inoculated with washed specimens of P . caudatum in one drop of nutrient broth; tube 1 contained about three times the number of protozoa contained in tube 2. The third tube acted as a bacterial control and was inoculated with a drop of protozoa-free culture medium. All three tubes were plugged with cottonwool and left for 5 days a t room temperature. Samples were taken from each tube on days 0, 2 and 5, membranefiltered free from bacteria and the carbohydrate concentration estimated. Table 2 shows the increase in carbohydrate concentration in the tubes inoculated with P . caudatum. There was no increase in the control tube. As the concentration of carbohydrate increased the degree of bacterial flocculation also increased. * Estimated by eye.
Experiment 5
After feeding a clonal suspension of Paramecium caudatum for 2.5 hr. with uniformly labelled [14C] glucose the average activity was found to be 19-20 counts/ sec. (c.p.s.)/animal. Their activity remained constant after feeding a further 3 days. Five hundred radioactive organisms were picked out from the final washing and transferred to a burette containing 44 ml. suspension of Indian ink in antibiotics + EL medium. The particles flocculated within 24 hr. These floccules were counted for radioactivity. Twenty post-flocculation protozoa were pipetted from the top of the burette and counted; 0.1 ml. of the burette medium was also counted. Table 3 shows that the activity of the protozoa fell from 20 to 0.3 c.p.s./organism, and this was accompanied by a gain in activity of the ink floccules and burette medium. 16 yo of the radioactivity secreted by the protozoa was concentrated in 0.016 g.
Indian ink floccules. Since the protozoa alone were labelled with the isotope, radioactive bacteria being removed by washing, the ink floccules can only have become radioactive because of the presence of the protozoa.
Experiment 6
A washed clone of Paramecium caudatum was put into 10 ml. sterile nutrient broth culture medium and dialysed immediately against 25 ml. distilled water overnight. A control was set up without Paramecium. A sample of the diffusate was membrane-filtered and found to give a positive reaction with anthrone. This carbohydrate must be soluble and will be referred to as substance 'P', The control diffusate did not react with anthrone. Two drops Indian ink were added to the diffusates; the control did not flocculate whereas the experimental diffusate did. The surface charge of a suspension of Indian ink particles in distilled water was measured by electrophoresis. The charge of the particles was found to be negative.
On the addition of a solution of substance ' P ', prepared as before, the surface charges changed. Some particles became positively charged, some were approximately one-quarter of the original negative charge, whilst some remained negatively charged as before. These differences in surface charge would account for the aggregation of the particles and the subsequent flocculation.
A strong solution of the 'P' substance was prepared, evaporated to dryness and hydrolysed. The monosaccharide derivatives produced were identified as glucose and arabinose. The Elson & Morgan reaction for %amino sugars gave negative results; the method was as that of Kraan & Muir (1957) . Similar results were obtained by hydrolysing washed ink floccules produced by the ' P ' substance, which indicated that the 'P' substance was adsorbed by the ink particles.
CONCLUSIONS
From these experiments it is clear that a polysaccharide, substance ' P ', whose monosaccharide constituents are glucose and arabinose, is secreted by Paramecium caudatum into the surrounding medium. Suspended particles whose surface charge is negative will adsorb some of this polysaccharide, resulting in a change of charge and the aggregation of the particles to form floccules. Substance 'P' appears to be the important factor in causing flocculation, but the staining reactions given in Table 1 show that a mucoprotein binds the floccules when Paramecium is present. Floccules produced by the 'P' substance alone gave negative staining reactions, indicating that two methods of flocculation are involved. Phase contrast microscopy of the peritrich Vorticella microstoma showed that ink particles entering the cell subsequently left as floccules. A similar process has been observed in the colonial peritrich Epistylis plicatilis. These floccules were collected with a micropipette; they gave staining reactions as in Table 1 . This shows that there are at least two methods of flocculation, the first by a general secretion of substance 'P', as observed in P . caudatum and V. microstoma (also observed by me), and secondly by the ingestion of the ink particles, which are released by the cellbound by a mucoprotein. IP: 54.70.40.11
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The function of the carbohydrate secretion is difficult to assess. Some bacteria have the ability to secrete mucopolysaccharides, and it has been suggested that this is a means of defence against protozoa (Stacey, 1953) . The carbohydrate secreted by Paramecium caudatum might therefore be a similar defence against bacterial action.
Assuming that the population of P. caudatum in activated sludge is large enough, it will have a marked effect upon the flocculating properties of the sludge. The dominant species of activated sludge are the peritrichs, which have previously been shown by several workers to induce flocculation. P . caudatum would therefore take its place among the other protozoa and bacteria in producing a combined flocculating effect upon the sludge. 
